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POWERING PREDICTION FOR SURFACE EFFECT
SHIPS BASED ON MODEL RESULTS

Robert A. Wilson, Aerospace Engineer
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Aviation and Surface Effects Department

David W. Taylor Naval Ship Research and Development Center
Bethesda, Maryland 20084

Abstract to measure the hydrodynamic forces on the seals fit calm water
as well as in seas has been a major adsancemeni. The analys:s ofA mehod mplyingtilelaw of yna~c s~mlaityionmormation contained in numerous model photographs such as =

scale experimental model data is presented for predicting the nfseao and sdewall wetting shown m the photograph of the

powering performance of large surface effect ships The data are SeS-100AI model Fig. I has also been sgficant Teptogg 
reduced to indisidual components, including cushion wawemaking technque% and analysis procedures such as these have played a
drag, sidewall and appendage frictional and form drags. aerody- technique andelysis o h sese
namic drag, and seal drag. These components are appropriately major role i the deselopment of the SFS.
scaled by either Froude or Reynolds scaling lawss. Water channel
anI model dimension effects on wasemaking drag are discnssd
and a technique for calculating sidewaUl wetted area I, presented.

An experinr'ntall densed algonthm Jharai.tenzing seal induced
and frictional drig is explained. Drag predictions are compared "
with expenmental trials data.

Introduction

The drag prediction techique presently used for sealing the
model drag of a surface effect ship (SES) is different from that
developed by Froude in that both the frictional and savemaking
drag terms can be accurately determined. The basic drag
components are broken down into t\wo classes (I ) those due to
lift provided by the pressure region which dimensionally (or
Froude) scale, and (2) those components which are due to
friction and must account for skin friction coefficient changes
with Reynolds ntmber between the model and the prototype
The first theories I which were deseloped to describe the
resistance characteristics of tile SES broke the components into Fig. I SES Model During Powering Experinments
the wavemaking drag due to the pressure region and the
frictional drag of the sidewalls. Seal drag estimates were based
on early British expressions denved for hoercraft. SES Component Drag Discussion
technology has been significantly advanced since these early
estimations were made. The various drag components have ben The total drag DT I the sc.aling program is broken down
studied extensively, largely through model experiments, and are into coiponents. The model aerodynamic drag conponent DA
now understood in much greater depth. is determined from Npecific model tare e\periments This tare

value is later replaced by more appropriate wind tunnel results,
The resistan.e of an SES is usually estimated either from a The %%asemaking drag D%% ol the pressurt; region of the .kshion

theoreti-.al approah (whil has usually been correlatcd with or is theoretic.allk calkulated Thi. Iristional drag componcnt 1)t is
supplemented by experimental data) or onc whcreby c, permeln- determined through an acurate definition of the side\,all and
tally denvcd model data arc used i.t.nsicly. The thcorctii.al appendage wetted areas The .omponent nominall referred to
approach is used in parametric or sizing studies where one as the residual drag DR is primainl iomproed of the seal
examines the effct of wveight, length-to-beam ratio, or othcr irictional and induced drag and tile sidewall and appendage lorm
parameters of a generalized design. These parametric prediction drags.
program, howeser. may not be adequate to estimate the impact
of the sometimes subtle physical differences between specific I'jg 2 presents a breakdo\ i of these components a, drag-to-
designs such as sidewall deadrise angle or cune effects, air-flo weight ratios for the SES-100Bl as a funtion of Froude number
rate ellects, or tie inherent differen ces between planing or bag (based oil .usluon length) Is a State I sea This figure sho\ws the
and finger seals. Uhese design related differences can only be residual (seal) drag dominating at subhuinp speeds. wacmakmg
adequately evaluated through the use oh model e.pernments and drag dominating at or near the hump speed and frict~onal drag
the analysis of the data. Fis paper summarizes a technique used dominating at higher specds This .omponcnt breakito~ n is
by the Navy to calculate the resistance of a large prototype SES typical for inos* design, but .an be influenced b', design
based on model test data. variations such as the seals or the spray rails.

The insight into understanding these components has The drag .olponclt arc broken into drag-to-weight ratio
Involved nan, breakthroughs over the last decade. The abilty D/W values. The total drag is then %iewed as tollows
Copywmlght (F American Institute of Aeronautics and

Astronautics, Inc.., 1978. All right$ reserved.
Reproduced with pernssion.



0.10 I 08 08

008 -

0
AERODYNAMIC << DRAG < .

006 -- ESIDUAL k. /b

S 02

1'.0.04

FRICTIONAL 0 04 08 12 1.6 2.0

0.02 DRAG -FROUDE NUMBER

WAVEMAKING Fig. 3 - Newman and Poole's Wase Resistance Parameter
DRAG

__I I _model touched tie water surface. Since the SES has rigid side-
0.5 1.0 1.5 2.0 2.5 walls and seals immersed in the water generating waves which

FROUDE NUMBER interfere with tile wave patterns generated by tile pressurized
field, tile adequacy of tile calculations again is questioned.

Fig. 2 - Drag Component Breakdown
for tie SES-100B in State I Sea Model experiments were conducted to vertfy the use of

Newman and Poole's predictions as well as to compare the

DT DV D : DA DR experiment. results with the wave resistance predictions of
+ a Doctors. 6 Doctors' predictions hase pressure fall-off parameters

affecting the pressure region on the four sides. By varying these
The following discussions in this paper deal with an under- pressure fall-off parameters, (he shape of the wave resistanme

standing of these components and how tile, are saled. charadteristics with rroudc number vary, predominantly in the
subhump region. The results of the experiments7 showed that

When working in model scale, one must understand Doctors' predictions with pressure fall-off parameter values of
dimensional scaling. The following table shows how the a = 5.0 and 3 = oo matched tile subhump data. Thus, Doctors'
dimensions, forces, air-flow relations, and speeds of the model wave resistance coefficient (Fig. 4) is used for calculating the
scale to prototype size according to Froude scaling: wavemakmng resistance for all SES.

• Length - X Speed . !

Area - X2 Pressure - X I

Volume - X3  Air Flow Rate - X2 5

Force - X3  Moments - x4 0.8 -
(Equivalent Cushion Length) e  ZI-

(Equivalent Cushion Length)

The subscripts P and M denote prototype and model, 0.6 65

respectively. 45-

Wavemaking Drag 0.4

A vehicle moving through the water oil a cushion of air w AND DEPTH '
generates waves due to tile action of the pressuire region on tile >

water This pressure region acts back on the vehicle to produce 020 0.4 08 1.2 1.6 2.0

lift plus a wave drag component. Fig. 3 presents plots of tile FROUDE NUMBER

wave resistance parameter ft as a ftinction of Froude number for
a family of length-to-beam ratio pressure regions as determined Fig. 4 - )octors' Wave Resistance Coefficient
from Newman and Poole's theory. 2 Note that the cushion
pressure and length are key parameters in calculating tile wave- Because the tusluon pressure is tle key iparameter in
making drag once the wavemaking resistance parameter is known. .alculatIng the ,,aemaking drag and the wavenmaking drag
The adequacy of this wavemaking drag calculation has been dominates in the humnp region, the easiest way to verify wave-
demonstrated for the air cushion vehicle. Experimental imesti- making dr,,g predictions js to vary the weight tand pressure) of
gations into the wavemaking drag of a hovercraft were made in the model and to Lomnpare the measured drag changes with
England by llogben

t 3 41 and have been shown to agree wth predictions. This was done for the length-to-beam ratio 2.67
Newman and Poole's theoretical predictions in Reference 5. model and the results are shown ii Fig. 5. This level of agree-
These experiments were conducted in such a manner that only, ment demonstrates that the theory is adequate to predict this
the cushion acted on the water surface, no pliysi,.al part of the component for SLES drag saling. The spikes in the total
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resistance cur',e at tie secondary hunp (Froude number -0.4) Fig. 6 - Seal Height Effects oil Hlump Traverse

are predominantly seal induced and can be lowered by raising
tile seals above tile keel while traversing the secondary hum!p as the tank critical Froude number. The results of this figure show
shown by the model result in Fig. 6. When the seals are raised that substantial corrections in tile wavemakin resistance may
from their normal position 1is = 0, where tite trailing edge of the need to be made while testing in the rcstricted waters of the
seal is at the keel, to a value of H$s = 0.36, where tile seal has towing basin,
been raised 36 percent of tite custion height above the keel. tire
subhnmp drag has been reduced by more than a factor of 3, Doctors' unsteady wave resistance predictions have bven
When the seal is raised 18 percent dIs = 0.18). tile subltump ani verified by specific experiments at the David W. Taylor Naval
tump drag values are nearly tile same. Note however iii Fig. 6 Ship Research and Development Center. Tire results shown in

that tile lowest drag at tire primary hump (Fronde ntmber - 0.7) Figs. 8 through I I show tire dependence of the wave resistance
is with tile seals located at tle keel Il s = 0). coefficient with nondimensional time iii the restricted channel.

Tile following equation presents tihe wavemaking drag-to- Fig. 8 compares tire predictions with experimental data at a
weight ratio calclation for both tile model and t de prototype ncar-lump speed while Figs. 9 and 10 show similar data at
whih atio lrtoe same marginally subcritical (FQ = 0.904) and super-critical (F2 = 1.00)

speeds. High speed experiments (FR = 1.80) show no variation

(D) R2h ( ) R /0.9W\ (2 (DO.\ with nondiniensional time as shown in Fig. I.

b t. /w 2 T--Vp Tile wavemaking resistance component calculated from
Fig. 4 is then corrected using tt;e appropriate steady or unsteady

Tire value of the wave resistance coefficient Rc is
determined from Fig. 4. The values of the beam b and length 1 .2 I I _ I I _ I I
of the cushion are determined from the model or prototype
drawings and 0.9 W/bQ replaces the pressure term. Tile above ."

expression assumes that tile water density of tile model and tile U"L

full-scale ships are tire same. TIre water density must be 0.8 UNRESTRICTED
properly accounited for both in determnining tire rmodel weight 0oA
and tire model and prototype waveinaking drag values. w 0.6

Tile size of tire model and the dimensions of tire towing
tank must be properly scrutinized when interpreting model data. 0.4 FINITE TANK
The wave resistance curves itt Figs. 3 and 4 are for the pressure LA MO
region passing over air infinitely deep and wide body of water. w 0.2

Tile restricted towing basin does not always represent such a I I
body of water. Figs. 7 through I I characterize tire problems as 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 ,
shown by Doctors.* Fig. 7 shows tile predicted steady-state FROUDE NUMBER
wave resistance coefficient for a large model operating iii a
towing tank; tire infinitely wide and (leel) case is shown for Fig. 7 - Towing Tank Effects on
reference. Tire discontinuity for tire finite tank case occurs at Wave Resistance Coefficient

*Documented in a formal DTNSRDC report by Lawrence J. Doctors entitled.
"Unsteady Influences on a Surface Effect Ship Model in a To%%ing lasi."

3
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valuecs of Rc for thle specific model aild towitng facility. Since nulmber hlas been determtned. Tile hleight of thle cine or spray
tllis is a tinle-dependellt problem, tie accelerationl rate of tile ratil has been shlownl to hlave tile greatest effect on wvetted area.
carriage anld poit i time whlen dlata are taken ill tile towing Therefore tile projected sidewall area below tile cinitc As% was
lank tmtlst also be considered. used as a basis of comparison for determining sidewall wetting.

Tile sidewall area Asw is illulstrated in Fig. 12 ansd is defined as
Frictional Drag the lengtih of tlie sidewall at thle keel times tile average hleighlt of

thle spray rail or chine above thle keel. The actual projected
Tile frictional drag componenlt Dr, is compu~tted Lasing tlie wetted area measured from test photographls AwrT was thten

relationlship- expressed as a percenltage of the sidewall area bel ,ow tile cllirwe

DI = C. LV2 AI 2 PRCNT -
A55,

Tile two importatnt considerations hlere are thte values of t(lieI

selected skill friction coefficient Cf alnd tile wetted area Ax used Typical sidewall wetting for all L/B 2.0 SES at Froude numbers
in thle calculation Tile wetted areas scale as X2as previously uf 1. 12 and 2.81 is illustrated ml Fig. 13. Tile 5case presenlted in
shtown, alnd Cf varies withl Reynolds numtlber. The following Fg.3arfolol-ltmi Iit.
dijscuission, describes thle techiquCle tusedl to determine tile wetted Tile ratio of tile actual sidewall wvetted area to thie area
area aild the proper skin friction coefficients, beo,~ecil siT/Asw. is plottedl in Fig. 14 as a function of

Presious technliques for comlputing t(lie wetted areas on ilie Froude number for variouls trim ailes. Curves of percenlt
sidewalls htave assumed that model ieave aitd trim angles as wvetted area for various fi\ed tumn angles of this typical ease are

iindicated from towing tatnk tests produice ait accurate representa- shw, as well as atl estimaltionl of tile percenlt wettinlg at

tioll of the actual sidewall wettinlg. Photographs aild movies optimum trim whinch varies with speed. Tile curves will vary with
frmmodlel tests hwvridcttatat potupsed, lengtll-to-bearn ratio, tltose in Fig. 14 were determined for a

wvetted areas determined from tile hleave and tim~ data are mdlwt eght-er ai f20

contsisteintly smaller thtan t(lie actual wvetted areas observed. The techntiqlue of determinintg the sidewall wetted area
Using the phlotographs froml nmany mlodel tests. an empirically becomes a matter of itterpolatilig a value of percent wectted area
densed relationtship betweein wetted area, trinm angle. aild Froude for thie given L/D and triml angle. The projected wvetted area



SPRAY RAIL A5 W , tZSRAV) VS.)

iswZSA

ZSPRAY - HEIGHT OF CHINE OR SPRAY RAIL

,SW - LENGTH OF SIDEWALL AT KEEL

rig. 12 - Sidewall Area Below the Chine ASW

F 1.12 0 - 0.0 deg

Ft - 2.81 0 - 1.25 deg

Fig. 13 - Typical Sidewall Wetling

1.2 1 I I / set at the keel. If the seals are set above the keel, the inside
wetting is calculated using the area between the keel and a

straight line connecting the lowver tips of the bow and stern seals.
This straight line approximation does not apply to subhump

1.0 1 speeds, but because the frictional drag at these low speeds is
small, the straight line approximation is still applicable.

4 The above discussion applies to the calculation of sidewall
0.8 wetting in calm water. In rough water, additional area must be

- - .... 0 -1.25deg added to account for thie wetting from waves. This additionalarea is equal to the corrected average waveheight 112.5 times
the length of the silewall and is added to the inside wetting.

0.6 0 1 OPTIMUM The outside of the sidewall is wetted to the spray rail or chine
L/B -\2.0

B - 0.0deg in calm water (see Fig. 13) and therefore. operation in waves
\ 0 e8  generally does not increase the outside wetted area over that

04 1 1 1 observed in caln water,
1.0 2.0 3.0

FROUDE NUMBER To complete tie calculation of full.scale friction drag, the
model and ship skin friction coefficients must be determined.

Fig. 14 - Percent Wetted Area for Low L/B SES The approach taken in the aircraft industly is used for the SES
where surface roughness is evaluated (as opposed to that usually
used by the ships community where the Schoenherr line is used

ALT is then calculated by multiplying the sidewall area below with a ACf added). The ,oeffioient of friction is a function of
tie chime Asw by the percent wetting PRCNT. Reynolds number and the equivalent sand roughness k, of the

Aw = (PRCNT)(Aw) sidewalls. Reynolds number is based oR the sidewall length at
r TA SW the keel sw which is approximately the wctted length. The

Assuming a constant deadrise angle 0, the actual wetted sand roughness is an equivalent measure of surface irregularities

area of the sidewall is determined by dividing the projected area on the outer skin. Most model sidewalls have smooth painted
by sin 0. The wetted area of any flat portions of the keel and surfaces and have shown (through the use of a profiloieter) that
the wetting on the cushion side of the sidewall are then added. their rouighness is nominally I mil.

The inside wetting of the sidewalls at posthuimp speeds has A roughness of nominally I iail is also considered to be
been observed from photographs to be zero when tle seals are lose to the roughness anticipated for a large vessel. This value,

5



howeser. produces, a value of C'1 close to that determined from
antalysis o2f stanidardl ship scaling techniques and substantiated !-
wiht some full-scale data. lloeriier8 note., that the Americani ~ 2 1 ~045(o 1 ~ 2

Towii,g, Tank Conference suggests that, due to, ship rouighness, 10 a C, - 1.89 + 1.62 log,, wA1"
a A~ %.tile 02 0,0004 be added to hle Schocinherr line CIO.. 7
In the Re) nold' number range in question for large SES chidles, 0-.

this happens to yielId an effective roughness 02f approximately 20 2) ____________5___ x___10' _

I Indi. This% value of Cf was obtained fronm studies of dlisplace-
ment '!ips in the 15 -25 knot range An intersting obsernatton 102 51 2 5 10S 10 2 5 10 2 5 1W2 5 0 2 I
by I loerner is that the ratio of Cj of (lie ship (including rough- REYNOLDS NUMBER R,,
ness effects) to C2,, thle value deLtermtinied from (lie Schoonherr
curvc, increase%. as (lie speedI cpability increases. This fact seems Fig. I5 - Numerical Coimputation of
reasonable when observing (lie Cf versus Reynolds numnber curves Skin Friction Coefficiett
fromt Schlichtmng 9 Schliebiting Jiows that the slope of (lie
smooth Sclioenherr curve is always negative. whereas curves of Aerodynamic Drag
constant ,k5 values (characteristic lengtli/rougliness factor)
become quite flat, and in some Reynolds itumber ranges, the Hlydrodynamnic mtodels poorly represent (lie aerodynamics of
slope is slightly positive The commetnts made by iloerner (lie prototype design. As shown in Fig. 1, (lie models normally
regardinig this pheniomnenon were deduced fronm ship trials and dto tiot have weather decks or superstruictures. The local aerody-
sent to correlate qtiite wvell with (lie above-discussed C2 %ersuis niamic flows present inear (le model ii (lie towing tank are
Reynolds number trend. simiilar neither itt magnitode nor iii direction (o those expected

itt Eli openi water dtie to boiuidary layer differences and channel
Tile value used for C, cait be dleternied front the following and carriage flow (disturbances, Reynolds numtber effects also

ex\pressions for a wide ranige of vehicle sizes, roughitiess, and mutist be considered Because of these differences, t' : aerodyna-
speeds. The first expression is (tie l'ranltl-Schlichting derivation mic forces ott (lie htydrodyntamic model are nteasured as (ares
for (lie resistatce of a smioothi plate at zero iteideite. usinig special test techntiques. This miodel tare value for drag is

Cf=045 5 (lg,)R)- 1  subtracted from (lie measured model drag leavinug only (lte
'2 '~"~iO ~ hydrodynantic drag comtpoitents. Durinig the course of scalinug

This equation correspontds (o boundary layer flows that are (lie individual drag comtpontents, wind tunnrel data for (tie

The seconid equationi is derived for sad rougented plates and Tie equationt used to calcuilate (lie aerodyamic drag DA

corresponids to a fuilly turbulent bouindary layer. of (lie prototype is:

Cf = .S + 1.62 log11, (.L#2 P

Bo0th of these expressiotis are used. dependenit ontt le Reynuolds where CD, is (lie aerodynamic drag coefficienit, The referenceI

itumber and roighimes'. Fig. 15 presents (lie skini frictiont area Af is (determinted as (ile product of (lie overall beam attd
coefficienit variationi with Reyitolds nutmber for a roughutess (lie heighi frotile water to (lie weather deck. The aerodynamic
factor of 5 x 104 whlichi is a typical value for a modlel For lowv drag coefficient can vary from 0.3 for a cleani hull with ito
Reynolds nuimber.. tich as are found on model appendages, superstrtuire to 1.1 for a square designt with a "dirty" suiper-
sand separationt strips should be uised to assure turbulenit flowv. structure. If ito aerodyntamic drag coefficienit is available, a value
Model experimenits of (lie sidewalls) tested with atid withiouit of CD, = 0.5 call be Used for a reasonuably desigited craft.
s~id separaStionit trips show that (lhe sidewalls are always iii
turbulenit flow Residual Drag

lIii' discussion described how tile skin frictioni coefficiets Residual drag DR is (lie drag comtponent remtaiiiing after
and ss'.ued areas, for both (lie model and (ilie prototype are subtractinug (lie previously described components from (lie total
deterined Thus . (lie relationships hetsecit model atid pr~oo mrodel drag. it termts of drag-to-wight ratio, t(Is bec' -ites4
type fIim --- al drag-to-weight ritios is as followsDR D Dw D

1) D \R Cr w
L'll _O 7W W V - T W 7

The residual drag comtpontent is predomintaintly comtprised of (le
Some typical I ind skins friction -.oeffiu.ent value area.s follows. nmomntnum drag, sidewall and appendage form drag, and seal

drag The moiteittum aitd formi ((rags are relatively small
Size Cf (luatitit le seal drag terit represenits (lie nmajor portion of

1/30-scale 3KSF-S Model 0,0033 (lie residual drag term.

1, 20-'.caik 3KSFS Model 0.0030 1 lie imoinitunt drag occurs wvhentt le cotistant ntass flow
I 00-Tort Test,raft 0.0024 enterinig from (lie fanis into (lie cushioin is brought froit a parti-

3KSES prototype 0100195 cular velocity to zero velocity relative to (lie craft. it additi,
a cuishioni thrt is produced by (lie flowv exitinig unider (lie sterit

Apperidae.' tcfital drxz is ealculatedJ in a innier similar to seal, rhte magntitudes of these two forces are equal wvithin experi-
tile sidCualil truetional drJis' wkeued are-1' in be deiermiitcd mniital accuracy. atid because (lie forces are opposinig, (lie sum of
from drawvings (lie ttoitmit drag aitd cushiont thrust are assumed to tue zero.
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The sidewall and appetndage form and pressure drag terms Knowing the total seal drag, tire model operating conditions
ap re small but not negligible. Both can be computed using from thie above tests, and the bow and stern seal attitude,%. it

sinmple techtniqumes. For both, thie form drig is equal to the sub- was then possible to calculate thie amount of total seal drag due
merged cross-sectional area multiplied by the average hecad of to frictional effects. The difference between the total seal dIrag
water displaced. This computational technique works very well and the frictional seal drag is. the seal induced drag. These
for the sidewalls. The appenduages, may require a correctional calculations were carried out for a plaiting type bow seal
term to account for appendage shiaping. This, however, can be configuration for a variety of velocities and sea conditions.
done on a caet-aebasis Both thre sidewall and appendage [Fig. 18 shows how the seat drag scaling factor KI varies with
form~ drags Dp are Froude scaled. ship Froude number for various sea conditions as determined

The emanderandthe argr potio of he esidal rag from the seal experiments. The factor KI is thre ratio of the seal

term, then, is predomnantly seal drag. Sealing seal drag Involves InuedrgDtthsaloalrg S T fuesow
that there is a noticeable dependency of K1 on Froude number

tme breakdown of seal drag into seal frictioinal and seal inducedA
drag components, These components, otnce determined], thie
must be scaled Independently. HEAVE STAFF

The determination of the magnitude of tihe seal forces is ASEBYSiDEWALL SUPPORT MODULE
INCLUDING SIDEWALL)described ill two re, rts.* These replorts describe [lhe testing of

ati SrS model, segmiented and instrumented to isolate thfe loads TOTAL DRAG BALANCE BOW SEAL BALANCE
IW]BELLOWS OFFacting on thie bow and stern seal. Figs. 16 and 17 show a set-tip LOADING DEVICE)

phlotographi and a schematic of the model as tested, As shown,
the model consisted of three segments. One was thre bow seal
nmodumle. which contaitned the bow seal, a smiall portionl of the COMBINED
wetdeck and a short portion of the sidewall. Thle second module SEALS t
was the centerbody and stern seal module which comprised thle
btilk of the wctdeck and to which thie stern seal was attached.
The third module was thle sidewall suppiort moduile which hield
the bulk of 'he sidewall. The three modules were attachled to
eacht other ty means of two balances, yielding measured forces
as shown in tire schematic. Three different seal desigins were
tested h both calmn and Tough water. Thte bow seal designs (INCLUDING SHORT SIDEWALL
consisted of a planing seal, a finger seal, attd a bag and finger SECI ION AND BOW SEAL)

seal. The raw dlata front tlte tests yielded total forces acting on CENTERBODY/STERN SEAL MODULE
the bow and stern seals due to Ctishiont tressure and aerodynamic (INCLUDING SIERN SEAL)
anld hydrodynanmic influences. The mnodel was instrtumented illn
stuchi a way as to allow thle extraction of tle total htydrodynaic Fig, 17a - Seal Loads Model Schematic

seal drag (equtivalent to thle total seal drag beintg discuissed here).

AERODYNAMIC FORCE
_____________________________________ ON SIDEWALL

SUPPORT MODULE

HYDRODYNAMIC FORCE
ON SIDEWALLS

BELLOWS OFF-LOADING

USHIO PRESURE ACTING ON
ACTING ON BOW SEAL
STERN SEAL

IIi YDRODYNAMIC FORCE HYDRODYNAMIC FORCE ON AERODYNAMIC
ONSTRNSEL SHORT SIDEWALL SECTION FORCE ON BOW

ON SERN EALSEAL MODULE
HYDRODYNAMIC FORCE

ON BOW SEAL

Fig. l7b -Seal Loads MOde Forces

Fig. 16 -Seal Loads Mlodel Fig. 17 -Seal Loads Model Components

*Docunictitcd In twoDTNSRDC're:ports by CL liber cnttlcd "All Aaal~sts of Seal Loads and tIr iffect on thme Performance o! a Surface
Efmfect Ship in Calm Water" and "An Anlaly sis of Seal Loads and TheIr Effect on thme l'erformnauce of a Surface Effect Ship in Rough Water."



0.951 0 0.12 1 1 1 1
AVERAGE WAVE HEIGHT CL AE

- 0.8 CUSHION HEIGHT ~ 008F-
000 TRIALS DATA 0(D7

S0.7 0 0500.04

0 DTNSROC PREDICTION

<0 0 0.5 1.0 1.5 2.0 2.5

0. FROUDE NUMBER

Fig. 19 - Correlation of SE5.10083

041 1 1 I ata in a State 0 Sea
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Fi.I elDa cln atrVrain20.12 1 1 1 I

-008 -TRIALS DATA

wave height variations. Although overall drag increases occur Wj

with sea state, the rlteamutofidcdadrcinl 0004-0
drag remtaini constant at particular velocities. Similar data exist F7TSD PEITO

for other seal types (finger, and bag and finger configurations) <
but are not presented here.

At present, expressions are being develped to accurately FROUDE NUMBERI jpredict seal drag for the vasrious seal designs previously dlescribed.
When this is completed, residual drag (in the true sense of the Fig. 20 - Correlation of SES-I 0013

word) wyill be very small and handled separately from the seal Data in a Stale I Sea
drag. Hlowever, at the present time residual drag is scaled as
follows.*

D R Dp [K) 0 -KI (CfP sl 0 0.121

<- STATE 2 SEA

Thsc\presbjonj separates the seal drag into its two components 0-00 RASDT
by '.irtue of the K, term Then, that part corresponding to C 0

frictional drag ( I - K,) Isn scaled utilizing Reynolds scaling: that 6 0.04 -0
part corresponding to the indtuced drag K, is Frotide scaled as is ONRCPEITO
the sidewall and] appendage form and pressure drag. c

Scaling Technique Correlation 0 0.5 1.0 1.5 2.0 2.5

The technique diseu..sd Ii this paper has been used to RUENM R

compare scaled model data with full-scale trials data from the Fig. 21 -Correlation of SES-lOOB3
SI-SIOOB The Sl-S-100B3 trwil were conducted similar to model Data in a State 2 Sea

eprnct.esaluating the effects of weight. longitudinal center-
of-grasitq location, air flow rate, and sea ,taIte. The model
e\pc rncnits Ii %ea, ssere run in the ,linte scaLcd stationary wave
spestrin niuaairtd during the triail program. The data are
prcsN'nied in Fig. As further data become available, trials data from the
presented Ii Figs. 19 through 21 for State 0, L. and 2 seas. SFS-IOOA with modified seals and sidewalls will be compared
respoctively. The solid line ik tIK maled, faired niode data to scaled model data to fuirthier serify the scaling technique. Ini
while tlie data points are trials data. Thre data are hpresented in addttion, data from the XR-5 trials wvill be compared to scaled
terms of drag-to-weight ratios becaie thre trials data applN to model data to verify the scaling rouitines relative to higher
%arying weight,, dut: to fuel burnoff. Thewe threc figures show length-to-beam ratio surface effect ship designs.
the adequ.-ey of the scaling technique.

'Dot.damled in iDTNSRI)C rctsnrt by S Nl Wel niived "Recidaral Drag
S&aling ot a Sriaec Piled Ship NtodcI m St,% State 6 A~ \'ealiftllnp Speeds"
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